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Abstract 
The ammonia emissions of the RAINS model are presented. Sources of ammonia considered are: 
livestock farming, fertilizers, industry, human population and other anthropogenic sources. Data on 
emission factors are based on recent insights in the Netherlands but are adapted to account for 
country-specific elements such as: stall period, N-excretion, and the age and weight distribution. 
Ammonia emissions in 1980 in 26 European countries and Turkey are estimated at 7960 kilotons; 10 
per cent higher than Buijsman et al. (1987) estimated. Ammonia emissions in 1987 are 8143 kilotons. 
This is 15 per cent lower than Asman (1990) suggested but corrsonds fairly well with EMEP 
estimates. Country and source specific estimates, however, are more uncertain: differences between 
5 and 40 per cent are possible. Estimates for cattle and fertilizer are major sources of divergencies. 
Based on national agricultural forecasts and trend analysis, future emissions of NH, are expected to 
increase with 8 per cent (over 1980) to 8620 kiloton in 2000. 
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PAST AND FUTURE 
EMISSIONS OF AMMONIA IN EUROPE 
Ger Maassen' 
"Man is the only creature that consumes without 
producing. He does not give milk, he does not lay 
eggs, he is too weak to pull the plough, he cannot 
run fast enough to catch rabbits. Yet he is lord of all 
the animals. He sets them to work, he gives back to 
them the bare minimum that will prevent them from 
starving and the rest he keeps for himself." 
(George Orwell, Animal Farm, 1945) 
Introduction 
Acidification of the environment caused by atmospheric deposition is one of the serious environmental 
problems in Europe. In addition to sulphur compounds, nitrogen compounds contribute to 
acidification in the form of nitrogen oxides (NOJ and ammonia (NH,). Ammonia contributes more 
than 40 per cent to the total anthropogenic emissions of nitrogen in Europe. The share of ammonia 
in the total nitrogen deposition in Europe may even be higher in specific regions and varies between 
30 and 90 per cent. 
NH, can cause both direct and indirect effects on the environment. Direct effects can occur 
if vegetation is exposed to high concentrations in the air over long periods of time (Ministry of 
Housing, Physical Planning and Environment, 1986). This mainly takes place in the direct vicinity 
of NH, sources. The damage resulting from ammonia usually has an indirect cause in which four 
different mechanisms can play a role: 
1. Acidification of soils, and eventually groundwater, through conversion of NH, via ammonium 
into nitrate. 
2. Supplanting of nutrient ions such as magnesium and calcium by ammonium resulting in a 
shortage of these ions for the plant. 
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3. Eutrophication of nutrient poor regions. Consequently, many plant species characteristic of 
poorly buffered environments may disappear (Roelofs et al., 1987). 
4. NH, promotes the deposition of SO, because, for example, tree needles become basic due to 
NH, deposition. Because basic needles react more strongly than acid needles to SO,, a higher 
SO, deposition takes place. 
The The Regional Acidification INformation and Simulation (RAINS) model developed at 
TlASA combines information on several stages of the acidification processes in the environment: the 
sources of emissions and the potential for their abatement, the atmospheric transport and the 
environmental effects of acid deposition (Figure 1) (Alcamo et al., 1990). These impacts are 
evaluated on a regional scale for the whole of Europe for forest stands, forest soils and lakes. In 
doing so, the model includes the pathways of the main precursors of acidification: SO,, NO, and NH,. 
So far, however, no explicit sub module has been incorporated into RAINS that describes the sources 
of ammonia emissions and their development over time. 
This paper describes the NH, emission module as incorporated in RAINS. It is an updated 
and extended version of previous work (Klaassen, 1990a). In addition, the data on emission 
coefficients are presented and elucidated and some results are shown. The remainder of the paper is 
organized as follows. Section 2 describes the overall set up and algorithm. Section 3 presents the 
emission coefficients for livestock farming and Section 4 the coefficients of nitrogen fertilizer. 
Industrial emission coefficients, and the emissions of human population and other sources, are 
explained in Section 5. Section 6 compares RAINS estimates for 1980 and 1987 with other national 
and international estimates. Section 7 projects the development of ammonia emissions to the 
year 2000. 
2 The emission module 
The emission module distinguishes the following sources of ammonia emissions: 
Livestock farming: 
dairy cows 
other cattle (including buffaloes) 
pigs 
laying hens 
broilers (all other poultry, including turkeys and ducks) 
sheep (including goats) 
horses. 
2. Nitrogen fertilizer consumption. 
3. Industry (fertilizer and ammonia production plants). 
4. Other anthropogenic sources (i.e. human respiration). 
Other anthropogenic sources, of minor importance, are: human respiration, cats and dogs, sewage 
sludge, wild animals, traffic and coal combustion. Natural soils are an additional source. Generally 
NH, emissions are calculated as a product of the emission coefficients and the level of activity 
(livestock population, fertilizer consumption and production, human population). The emissions are 
calculated from 1960 up to the year 2000, in time steps of five years. The following description uses 
the indices i and 1, to describe the nature of the parameters: 
i the type of animal 
1 the country 
Ammonia from livestock farming is released during three basic processes: 
in the stable and during storage of manure, 
during the application of manure, 
in the meadow or grazing period. 
These processes are explicitly distinguished in the model since this enables the possibility to calculate 
the potential of emissions that can be reduced through abatement measures such as: direct application 
of manure into the soil, cleaning of stable air and covering of manure storage facilities. The 




nh3si.1 emission coefficient of stable 
nh3q.1 emission coefficient of application 
*3q,1 emission coefficient meadow 
QLi.1 animal population 
This equation is used for each of the seven animal types. 
Ammonia emissions resulting from the consumption of nitrogen fertilizer (NH3Fl) depend on 
the amount of fertilizer used and the nitrogen loss per fertilizer: 
In which: 
nfl the nitrogen loss per fertilizer 
QFl the fertilizer consumption 
Since the nitrogen loss is expressed as per cent of the total nitrogen in the fertilizer, the factor 17/14 
is used to convert the losses expressed in nitrogen into ammonia. Note that fertilizer use and losses 
are country specific. 
Industrial ammonia emissions are mainly related to the production of fertilizer and ammonia. 
The total industrial ammonia emissions (NH3P3 are therefore the product of the production of nitrogen 
fertilizer in each country and the emission coefficient: 
With: 
n h 3 ~  the emission coefficient for industry 
QPI N-fertilizer production 
Other sources of ammonia are: human respiration, cats and dogs, sewage sludge, wild 
animals, traffic, natural soils and coal combustion. Of these sources human respiration is explicitly 
incorporated. Remaining anthropogenic sources are included insofar as national data are available. 
However, emissions of natural soils are ignored in view of the large uncertaintiei in their order of 
magnitude (Buijsman et al., 1987). Buijsman et al. (1987) estimate t o t a l ' ~ u r o ~ e  wide ammonia 
emissions from natural soils at 750 kilotons of ammonia per year. This would be 10 per cent of the 
total ammonia emission in Europe. Other sources (NH303 are incorporated in the following manner: 
With: 
nh3h emission coefficient human population 
QHI size human population 
Cnh3, constant for other anthropogenic emissions 
3 Emission coefficients for livestock animals 
3.1 Introduction 
In the past, several overviews have been made that describe ammonia emissions in Europe 
(Bonis, 1980; Buijsman et al., 1987; Asman, 1989; Iversen et al., 1990). However, Buijsman et al. 
(1987) probably underestimated their emission calculations since for most countries their results go 
back to research in the Netherlands on the nitrogen content of excretion carried out in 1978 
(Sluijsmans et al., 1979). Country-specific data were used only for Denmark and the United 
Kingdom. In view of more recent information @e Winkel, 1988; MBller and Schieferdecker, 1989) 
on the nitrogen content of the excretion, the estimate made by Buijsman et al. (1987) needs revision. 
Further, estimates by EMEP (Iversen et al., 1990) are, with a few exceptions, based on Buijsman et 
al., (1987) multiplied by a factor of 1.2. Finally, a weak spot of the emission calculations by Asman 
(1990) although based on recent insights, is that they are typical for one country, the Netherlands, 
but are used to calculate emissions for every country. In view of the large differences in agricultural 
practices, this seems inappropriate. 
In contrast to the detailed information available about emission factors for NH, in the 
Netherlands, data on ammonia emission factors based on country-specific elements, such as nitrogen 
excretion and volatilization of ammonia, is available only for a few other European countries: 
- Finland (Niskanen et al., 1990; Pipatti, 1991), 
- the former German Democratic Republic (MBller and Schieferdecker, 1989), 
- the Netherlands (Erisman, 1989; Van der Hoek, 1989; De Winkel, 1988), 
- the United Kingdom (ApSimon et al., 1989; Eggleston, 1991). 
For other countries, estimates are based on general rather than country-specific emission factors: 
- Czech and Slovak Federal Republic (Zavodsky and Mitosinkova, 1984), 
- Denmark (Schroder, 1985; Laursen, 1989), 
- Federal Republic of Germany (excluding the former GDR) (Isermann, 1990), 
- Hungary (Bonis, 1981), 
- Norway (Bockmann et al., 1990). 
Or they are based on the same, probably outdated, estimates of the nitrogen content that were used 
by Buijsman (1987). Examples are: the Federal Republic of Germany (Fabry et al., 1990), France 
(Allemand, 1991), Italy (Gaudioso et al., 1991) and Switzerland (Stadelmann, 1988). Table 1 presents 
an overview of national estimates. 
Therefore this study's starting point is the more recent information on emission coefficients 
in the Netherlands, summarized in Table 2. These emission coefficients are based on the work of a 
group of scientists, established in the Netherlands, to evaluate the present knowledge and to obtain 
more consistent and improved estimates on emission factors for NH, from livestock farming @e 
Winkel, 1988; Van der Hoek, 1989; Hannessen, 1991). For the most relevant animal categories the 
working group has derived average annual emission factors per animal. Emission factors for stall and 
storage, manure application and the meadow period were based on the application of nitrogen mass 
balances. 
Their principle approach can be summarized in four equations: 
N-excretion = N-feed - N-retention 
N-stable = N - excretion * volatilization-s 
N-application= (N-excretion - N-stable) * volatilization-a 
N-meadow = N-excretion * volatilization-m 
The results of nutritional research were used to compute the nitrogen content of the feed per animal 
(N-feed) as well as the retention of nitrogen (N-retention) in various animal products such as meat 
and milk. As a result the nitrogen remaining in the excretion (N-excretion) could be calculated. The 
volatilization of ammonia in the stall and during storage of manure (volatilization-s), or in other 
words the loss of nitrogen, was determined by looking at the difference between the N/P ratio in 
excrements and in stored manure. P is regarded as a conservative component, whereas N may 
evaporate as NH,. The volatilization of ammonia can then be computed from changes in the N/P 
ratio during storage. Where possible the average emissions factors per animal were differentiated for 
different housing systems using recent emission measurements (Hannessen, 1991; Van der Hoek, 
1989). The volatilization coefficient of ammonia (volatilization - a) during application (N-application) 
and during the grazing or meadow period (volatilization - m) was based on experiments described in 
the literature and additional experiments carried out by various research groups. The more detailed 
results for the Netherlands are included in Appendix I. These results have been summarized per 
animal category (dairy cows, other cattle, pigs, laying hens, broilers, sheep and horses) using data 
for 1988 on the composition of the animal population in the Netherlands (Central Bureau of Statistics, 
1989) and are presented in Table 2. 
The remaining sections will explain how the emission coefficients of Table 2 were modified 
for several livestock categories to arrive at country-specific emission coefficients. 
3.2 Emission coefficients for dairy cows 
Regarding dairy cows, the major elements influencing emission factors are: 
feed composition, amount and its nitrogen content, 
retention of nitrogen in milk and meat, 
volatilization of ammonia in the stable, 
volatilization of ammonia during application, 
volatilization of ammonia in the meadow period. 
Van Dijk and Hoogervorst (1984) indicate that the share of grass in the total feed consumption 
differs among countries. Moreover, the nitrogen content of the grass will differ since the amounts 
of nitrogen fertilizer applied on a pasture varies between countries (CEC, 1989). In addition, 
international statistics show that large differences in the annual milk production per cow exist. This 
suggests that the retention of nitrogen in milk might differ considerably amongst countries. As a 
result, the nitrogen content of the excretion is likely to vary between countries. The volume of 
ammonia emitted in the stall and during storage depends on the volatilization coefficient and the stall 
period. The number of days spent in the stall varies (Asman, 1990). In Austria, for example, the 
meadow period is 109 days whereas in the Netherlands it is 175 days. Method of storing manure, 
stable type and type of manure (Iiquidlsolid) are other factors affecting ammonia volatilization in the 
stall. Although differences amongst countries do exist, lack of data (Asman, 1990) does not allow 
to quantify the impact of these other factors on the volatilization. Emission during application 
depends on factors such as the type of manure (Iiquidlsolid), soil type, temperature, wind speed and 
method of applying manure (Isermann, 1990). In summary, on the one hand it does not seem 
appropriate to use the emission coefficients from the Netherlands for other countries. On the other 
hand, for only a few of the potentially large number of factors affecting emissions, data is available. 
To compute country-specific emission coefficients for dairy cows in RAINS we decided to 
take into account differences in the level of nitrogen fertilizer application as well as differences in 
meadow and stall period. For both these elements data was available on a country by country basis. 
Moreover, the differences in meadow periods were thought to be relevant because they influenced the 
volume of NH, emissions released during stall, application and meadow period. Consequently, this 
affects the potential of emissions to be abated and the related abatement costs, which is the subject 
of another part of the RAINS model (Klaassen, 1990). 
The method that has been used is the following. A recent study (Baltussen et al., 1990) 
indicates that there is a relationship between the nitrogen excretion of dairy cows and the nitrogen 
level of grassland. The nitrogen level of grassland is, to a large extent, determined by the amount 
of fertilizer applied. Based on data for the Netherlands the following relation has been estimated: 
Ln which N-excretion is the nitrogen excretion per animal and N-fertilizer is the fertilizer use per 
hectare. This relation has been used to estimate the N-excretion for other countries in Europe. The 
relation between the N-excretion per dairy cow in the Netherlands and the other countries is then used 
to correct the Netherlands emission factors. Details on the method and the data used are provided 
in Appendix 11. For some countries national data on N - excretion (Switzerland; Menzi, 1991) or on 
emission coefficients (Finland;. Pipatti, 199 1) were used directly. 
In addition, the amount of N-excretion produced in the meadow period and the stall period 
has been corrected using information on the meadow periods in several countries in Europe (Asman, 
1990). This is based on the following equations: 
N-excretion stall = N-excretion* st periodlst period NL 
N-excretion meadow = N-excretion *meadow periodlmeadow NL 
where st period is the stall period in the specific country (in days) and st period NL is the stall period 
in the Netherlands (in dayslyear). Using equations (3.5) to (3.7) and data on the volatization factors 
based on De Winkel (1988), country-specific emission coefficients for stall, application and meadow 
have been calculated for dairy cows. Details are provided in Appendix II. 
The resulting emission coefficients are presented in Table 3 (column 1). Total emission 
coefficients vary between 24.0 kg NH,lanimal per year and 35.5 kg NH,/animal per year, mainly due 
to the differences in fertilizer level. The coefficients for stall, application and meadow differ roughly 
by a factor of two. These differences considerably influence the potential for abatement in the various 
countries. It is recalled however, that we were not able to take into account all the relevant factors. 
Differences in milk yield, for example might influence the ammonia emissions considerably (see 
Appendix VII). However, one should be aware that it proved impossible to take into account all the 
relevant circumstances that potentially influence the level of the emissions. For example, ammonia 
emissions in Southern European countries might be underestimated since manure is usually stored 
outside as solid manure. Although the nitrogen content of the excretion might be less, this method 
of storing manure is likely to increase the ammonia emission again. 
3.3 Other cattle 
For other cattle there also may be differences among countries regarding the nitrogen content of the 
feed, nitrogen retention in meat, and the volatilization during stall and storage, and the application 
of manure. Due to a lack of data, we were only able to take into the composition of the category 
other cattle (in young cattle, fattening calves etc.) to calculate country-specific coefficients on the 
basis of the emission coefficients for the Netherlands. For Finland, national data were used. The 
results are summarized in Table 3 (column 2). Details are supplied in Appendix III. 
3.4 Pigs, laying hens, broilers and horses 
For these animals, the nitrogen content of the excretion may differ among countries due to differences 
in the nitrogen content of the feed and nitrogen retention, In addition, the ammonia emitted from stall 
and manure might vary due to differences in stall type (mechanical/natural ventilation for example; 
Asman, 1990) and manure storage system. Differences in stable and manure handling systems are 
likely to cause differences in ammonia emissions from the stall, especially for laying hens. However, 
the stall period will not differ too much since pigs and poultry are usually inside the whole year 
(Asman, 1990). The losses of ammonia during application may also differ in view of differences in 
the usual factors affecting ammonia volatilization during application. Due to lack of data, we used the 
data from the Netherlands (Table 2) for each country for laying hens, broilers and horses. For pigs 
we took into account the weight- and age distribution to arrive at country-specific emission 
coefficients (see Table 3, column 3 and Appendix IV), based on the detailed emission coefficients as 
reported by the Netherlands. For Finland (Niskanen et al., 1990) and the United Kingdom (Eggleston, 
199 1) national data were used. 
3.5 Sheep 
For sheep, differences in meadow period and the composition of the sheep flock over sheep and goats 
have been taken into account to arrive at country-specific factors. The Netherlands emission factors 
(Table 2) were modified as follows. Ammonia losses (as kg NH, per animal per year) in the stall 
(N-stall), during application (N-application), and in the meadow (N-meadow) are calculated as 
follows: 
N-stall = N - excretion * stall period * 0.12 *I7114 
N-application = N-excretion * (14.12) * stall period*0.25* 17/14 
N-meadow = N - excretion * meadow period * 0.12 * 17/14 
where N-excretion is the nitrogen content in the excretion per animal per year in the Netherlands. 
The stall period is expressed as part of the year. 0.12 is the part of the nitrogen in the excretion that 
is released as ammonia in the stall (Equation 3.9) as well as in the meadow @quation 3.10). During 
application, a share of 0.25 is released of the nitrogen in excretion, taking into account the loss that 
already occurred in the stable (1 - 0.12). The N-excretion used is 9.8535 kg Nlanimal per year for 
sheep (including lambs) and 15.567 kg for goats. All data is based on Van der Hoek (1989). Using 
the above equations, data on the meadow period (derived from Asman, 1990: see Appendix V) and 
the number of sheep and goats in each country, the average emission coefficients for the category 
sheep in each country have been calculated (Table 3, column 4). For the United Kingdom we used 
national data (Eggleston, 1991). 
Table 3 shows that emission coefficients vary between 1.7 kg NH, per animal per year 
(Belgium) and 3.0 kg NH, per animal per year (Finland) as a result of differences in meadow period 
and the ratio between sheep and goats. One should realize, however, that the data on nitrogen 
excretion and volatilization factors were still based on Dutch data. 
3.6 A comparison with other emission coefficients 
Table 4 compares the results of the emission coefficients used in RAINS with the other estimates. The 
RAINS emission coefficients for dairy cows are generally below the ones of M6ller and 
Schieferdecker (1989) and the recent Dutch ones (Table 2). Neither Buijsman et al. (1987) nor Asman 
(1990) explicitly distinguish between dairy cows and other cattle. The emission coefficients for other 
cattle are somewhat lower than Moller and Schieferdecker (1989) but in line with the Netherlands. 
The average, country-specific emission coefficients in RAINS for cattle (dairy cows and other cattle) 
are difficult to compare with the other estimates since they depend on the share of dairy cows in the 
total cattle stock. For pigs, RAINS estimates are comparable with the ones reported in the literature. 
The emission coefficients for poultry (laying hens and broilers) are difficult to compare since RAINS 
distinguishes between laying hens and other poultry. Estimates in RAINS for sheep are below the 
ones provided by Buijsman et al. (1987) and Moller and Schieferdecker (1989) but comparable with 
Asman (1990) and the Netherlands. Emission coefficients for horses are in between both other 
estimates. Major differences and uncertainties appear to exist especially for cattle. For the other 
animals RAINS estimates are comparable with the (wide) ranges observed in the literature. 
4 Fertilizer use 
Ammonia emissions released when nitrogen fertilizer is applied depend on elements such as: the type 
of fertilizer, soil pH and cation exchange capacity, drying conditions and irrigation. In this study we 
use the average emission coefficients for each type of fertilizer as used by Buijsman et al., (1987) and 
Asman (1990). Using information on the type of fertilizer for each country (Buijsman et al., 1985; 
FAO, 1989a), average N - losses as ammonia from fertilizer have been determined (Table 5). The 
emission factors that have been used per type of fertilizer are presented in Table 6. For countries 
where no specification was available on the type of fertilizer used, an average loss of 5 per cent was 
assumed. For the former GDR the average percentage loss is based on Graf (1991). Appendix VI 
gives details on the composition of the fertilizer use in each country upon which these average 
emission factors were determined. 
Recently, it was suggested that the uncertainty in the ammonia losses from fertilizer is higher 
than previously thought (e.g. Eggleston, 1991). The losses for other nitrogen fertilizer, other 
complex, and not specificied N-fertilizer, vary by a factor of five (Buijsman et al., 1987; Asman., 
1990). The lower values appear to be more in line with Graf (1991). Differences might be due to 
the local mixture applied (Table 6). The difference between calcium ammonium nitrate and 
ammonium nitrate might be less important (losses could be 5 per cent for both types of fertilizer). The 
differences between various types of ammonium phosphate, however, might be important. Because 
urea is an ammonium carbonate solution, it is expected to have a high loss, although it is not used 
very much. Summarizing, the N - loss for certain types of fertilizer (ammonium nitrate ad ammonium 
phosphate) is subject to discussion. Moreover, losses do not only depend on fertilizer type but also 
on temperature and soil type. 
5 Industry and other anthropogenic sources 
Ammonia production and fertilizer plants are the main sources of industrial ammonia emissions. 
Following Buijsman et al. (1987) we assumed the total production of ammonia plants in each country 
to be proportional to the fertilizer production. Emission coefficients for ammonia plants are taken 
as 0.8 kg NH, /ton fertilizer produced (Ministry of Housing, Physical Planning and Environment, 
1983). According to the same source, emission factors for fertilizer plants may vary between 0.01 kg 
NH, per ton and 12.5 kg NH, per ton produced. As Buijsman et al., (1987) we assumed an average 
coefficient of 5 kg NH,/ton fertilizer produced. As a result, the total emission coefficient used for 
industrial ammonia sources is 5.8 kg NH,/ton fertilizer produced. 
For human population (respiration) we use an emission coefficient of 0.3 kg NH,/head 
(E3uijsman et al., 1984; Erisman, 1989). For the other anthropogenic sources, different national 
sources have been used to estimate these (Stadelmann, 1988; M6ller and Schieferdecker, 1989; 
Erisman, 1989; Niskanen et al., 1990). The amount of emissions as caused by the other sources 
included in RAINS at present are generally negligible. In all cases natural sources were excluded since 
the emission coefficient is very uncertain. Natural sources and sewage sludge, however, might make 
not insignificant contributions to the total ammonia emissions (e-g. Allemand, 1991; Eggleston, 
1991). The order of magnitude of sewages sludge and natural sources is, however, believed to be too 
large to make a reliable estimate at this moment. 
6 A comparison of past estimates 
The ammonia emissions for 1980 and 1987 were calculated using the emission coefficients 
of Table 2 and 3, and data on livestock population, fertilizer consumption and production, as well as 
human population. Data on livestock population and fertilizer use is from FA0 (1990a, 1990b) and 
national livestock statistics for Belgium, Luxembourg and the USSR (Institute Economique Agricole, 
1989; Statistical Board of the USSR, 1989). Human population data are based on United Nations 
(1989a, 1989b) and estimates of IIASA's Population Program for the EMEP (European Monitoring 
and Evaluation Program) part of the USSR. The data on the USSR refer only to that part of the USSR 
that is within the grid used by EMEP. That is, the USSR republics Ukraine, White Russia, Georgia, 
Azerbajdzjan, Lithunia, Moldavia, Latvia, Armenia, Estonia and that part of the RSFSR (Russia) 
which is within the EMEP grid. For fertilizer use, data of the British Sulphur Corporation (1987) 
were used. These data is uncertain and require improvement. 
Table 7 compares the estimates of various authors on a country-by-country basis. Since the 
authors make different assumptions on which parts of the USSR are included in their calculations, 
estimates for the USSR show wide differences. We compare the total estimates for Europe excluding 
the USSR. Table 7 shows that the RAINS estimates for 1980 are some 10 per cent higher than those 
of Buijsman et al.,(1987). The estimates for 1987 are comparable with the EMEP estimates (Iversen 
et al., 1990) but are some 15 per cent lower than those by Asman (1990). The Table also indicates 
that IlASA estimates for 1980 are considerably higher for some countries (for example: the 
Netherlands, FRG, Poland) than the Buijsman et al. (1987) computation. For several countries 
(Turkey e.g.) the IIASA estimate is lower. Generally, U S A  estimates for 1987 are lower than the 
ones by Asman (1990) (for example, Spain, France and the FRG) but are sometimes higher (for 
example Norway). IIASA estimates are generally in good agreement with EMEP (for example CSFR, 
Hungary and the United Kingdom) but differ for some countries (for example France, Italy and 
Turkey). Estimates for countries as given by the various authors, show considerably larger differences 
(up to 40 per cent, for example FRG) than the estimates for Europe as a whole. 
That large uncertainties exist in country estimates can also be concluded by comparing Table 1 
(national estimates) with Table 7. U S A  estimates differ generally by 10 to 20 per cent with national 
estimates. These differences are not only due to the fact that other emission coefficients are used for 
livestock animals, but are also caused by the fact that in several national estimates include other 
sources such as natural soils. In view of the lack of fundamental data (nitrogen content feed, 
volatilization factors) for most countries, the calculation of country-specific ammonia emission 
coefficients using nitrogen mass balance remains difficult. 
Table 8 compares the estimates by source, excluding the USSR. The Table shows that our 
estimates are higher than Buijsman et al. (1987) for 1980 since our estimate for pigs is higher and 
RAINS includes other sources (human respiration) as well. In contrast, our estimates for sheep are 
lower. Estimates for cattle, poultry and industry have the same order of magnitude. Our overall 
estimate for 1987 is roughly 10 per cent lower than the one by Asman (1990). The main reason is 
that our estimates for cattle and for fertilizer use are lower. This being so because we use country- 
specific emission factors for dairy cows which are generally lower than Asman's. For fertilizer 
consumption our estimates are lower chiefly because we take into account the difference in nitrogen 
loss between calcium ammonium nitrate and ammonium nitrate (Buijsman et al., 1985) and we use 
lower losses for other, unspecified fertilizers. Estimates for industry are higher since we include both 
fertilizer and ammonia production as sources. Figures for pigs, poultry, and sheep have the same 
order of magnitude but are somewhat different for pigs and poultry since we used recent Dutch data 
on the emission coefficients. 
In sum, estimates for total European NH, emissions (excluding the USSR), as reported in the 
literature, are 15 per cent higher or lower than the IIASA estimates. Estimates for specific countries, 
and for specific source categories, however, can show considerably greater (up to 40 per cent) or 
smaller divergences (smaller than 5 per cent). Estimates for specific sources also show important 
divergencies. This is especially the case for cattle and fertilizer, where more fundamental research 
seems to be necessary. In addition, including other anthropogenic sources (such as human respiration 
or Sewage sludge) and natural soils there appears to be a source of difference between national and 
international estimates. 
7 Future ammonia emissions 
Forecasting ammonia emissions requires projections for livestock population and fertilizer use. 
The forecasts on livestock population and fertilizer consumption (Tables 9 and lo), as far as possible, 
are based on national forecasts from various agricultural research institutes or universities. Country- 
specific estimates were not available in international studies (Alexandratos, 1990) or were considered 
outdated (Politick and Bakker, 1982). If no country-specific data were available, trends as observed 
in the period 1979-1988 were extrapolated. Where necessary, trends were adjusted to bring the 
forecasts in line with the regional forecasts of the OECD (Boonekamp, 1990) and the EC (Schafer, 
1990). Fertilizer production in 2000 was based on trend extrapolation. If necessary trends were 
- adapted to reflect national estimates on future consumption patterns. Forecasts on human population 
were based on the UN medium scenario (United Nations, 1989b). 
The resulting ammonia emissions for the year 2000 are shown in Table 11. They are based 
on the assumption that emission coefficients for ammonia remain constant over time. This may imply 
an underestimation of the emissions since yieldstanimal and consequently nitrogen excretion and 
ammonia emissions per animal might increase over time. According to Table 11, total ammonia 
emissions in Europe will increase from nearly 8000 kiloton in 1980 to more than 8600 kilotons in 
2000. This implies an increase of 8 per cent. 
Table 12 and Figure 2 show that the slight increase in ammonia up to the year 2000 results 
from two opposing trends. Emissions from cattle, notably dairy cows, will decrease considerably. 
In contrast, emissions from other livestock animals (pigs, poultry and sheep) and from fertilizer use, 
will increase if no abatement measures are taken. 
The regional trend in ammonia emissions is as follows (see Figure 3). Emissions are expected 
to decline or stabilize in the EC-North (Belgium, Denmark, France, FRG, Ireland, Luxembourg, 
Netherlands and the United Kingdom), Scandinavia (Finland, Norway, Sweden) and Alpine countries 
(Austria, Switzerland). Mediterranean countries show a diffuse picture (Albania, Yugoslavia and 
Turkey). An increase is generally expected in EC-South (Greece, Italy, Portugal, Spain) and in 
Eastern Europe (Bulgaria, Czechoslovakia, GDR, Hungary, Poland, Rumania and the USSR). 
There exists uncertainty in these estimates. Not only because differences exist between the 
estimates of emissions coefficients, but also because there is uncertainty in the forecasts. This is not 
only due to major uncertainties on the continuation of EC-policy (especially regarding dairy cows and 
potential new member states) but is also due to the structural changes in Eastern Europe. For the 
former GDR, for example, the national expert projection shows a drastic reduction in the number of 
livestock animals and fertilizer use. Using the estimates of Nikolov (1990) for livestock population, 
based on long term trend extrapolation, would generally show that ammonia emissions in Eastern 
Europe would rise even more. Emissions in Mediterranean countries (especially Turkey) might even 
increase. In summary, the results of the projections suggest that ammonia will continue to be an 
important source of acidification in Europe. 
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Table 2. Emission coefficients for livestock animals in the Netherlands 
(per animal in kg NH,/annum) 
Subcategory 
DAIRY AND CALF COWS 






Data based on De Winkel (1988), Van der Hoek (1989) and Hannessen (1991). 
Horses based on Asman (1990). Detailed data have been aggregated using national 
livestock data for the Netherlands in 1988 (see Appendix I.) Other cattle are total 
cattle minus dairy cows. Sheep include goats. Broilers are total poultry minus 
































































































































































































































































Average N-losses of fertilizers 





























Table 6. Emission Factors for N-fertilizer 




calcium ammonium nitrate 
urea 
ammoniumphosphate 
other nitrogen fertilizer 
other complex fertilizer 































































































































































































































Note: excluding the USSR. 



















































2) Nikolov (1990), horses based on trend extrapolation. 
3) Kettunen (1990). 
4) MGnch (1990). 
5) Csaki (1990). 
6) Reidy (1990), horses based on trend extrapolation. 
7) Hoogervorst (1991), horses follow trend. 
8) Riseth (1990). 
9) BolinlWahlgren (1990), horses based on trend extrapolation. 
10) Schnetti (1990), horses based on trend extrapolation. 
11) Kelchtermans (1989). Laying hens, horses follow trend. 
12) All other countries based on trend extrapolation. However, the number of dairy cows in those 
EC-countries, for which no national forecast was available was corrected. This was in order to reflect the 























































































































































































































































2) Kettunen (1990). 
3) Miinch (1990). 
4) Csaki (1990). 
5) Reidy (1990). 
6) Riseth (1990). 
7) Schnetti (1990). 
8) All other countries based on trend extrapolation 

























































































































































































































from the sum. 














































































M e d  emhion coefficients in The 
*-gor~ 
DAIRY AND CALF COWS 
Youg cattle 
Breeding b u b  > 2 yr 
Fattening calvur 
Young cattle for fattening 
Fattening/grazing catle > 2 yr 
OTHER CATILE 
Piglets < 20 kg (included in 
239) 
Fattening Pigs 
Brecding pigs 2&50 kg 
B d i n g  mws > 50 kg 
Other sows ' 
Boan > 50 kg 
Matun boars 
PIGS 
Lambs (included in 266) 
Ewes 
R a m  (included in 266) 
Milch goats 
Other goats (included in 268) 
SHEEP 
Laying hens < 18 wccks 
Laying hens > 18 weeks 
LAYING HENS 










Hock (1989), Asman (1990) and Hamessen (1991). 





































Mother animals < 5 months 
Mother animals > 5 months 
Ducb 
Turkcym for slnughter 
Turkeys < 7 months 
TurLeys > 7 monlhs 
OTHER POULTRY 
HORSES (includes poniea) 












































































































Appendix Ii. Emission coefficients dairy cows 
A. N-Excretion and N-Fertilizer level 
A recent study (Baltussen et al. 1990) shows that there is a relation between the nitrogen excretion 
of dairy cows and the nitrogen level of grassland. The nitrogen level of grassland is, to a great 
extent, determined by the application of artificial fertilizer. Table II.1 shows the relation for the 
Netherlands. 
Table II.1 Relation N - fertilizer and N-excretion. 
This table is derived using a number of assumptions in Baltussen (1990) on the number of calves per 
dairy cow, the stall type, the size of the farm (26 ha), the milk yield per cow (6000 kglyear), the 
fodder composition, the number of animals per hectare (2.4ha) and the pasture time. The relation 
betw&n the total N-level grassland and the N-excretion is shown in Table 11.2. 
Table 11.2 N - excretion and total N-grassland. 
Part of the excretion is applied as manure on grassland (excretion in the stall period; 50 per cent of 
the N is effectively applied). The N-excretion per dairy cow (including young cattle) is around 
200 kg N, of which 82 kg in the stall period. Effectively 41 kg N (50%) is applied as excretion on 
grassland. Since the average N-application of fertilizer is 346 kgha the total N-application in the 
Netherlands is some 400 kgha (346 + 41). Table II.3 shows the relation between N-level, N- 













Table 11.3 N - level, N-excretion, N - organic and N-fertilizer. 
From Table 11.3, Table II. 1 can be derived. Of course one should note that the relation in Table 11.1 
is a specific one based on specific assumptions for the Netherlands. 







This function has been used to estimate the N-excretion of dairy cows in other countries. The ratio 
between the N-excretion per dairy cow in the Netherlands and the other countries has been used to 
arrive at country-specific emission coefficients for other countries. 
The level of N-fertilizer use per hectare grassland in other European countries is based on 
data for the EC-9 countries (Van Dijk and Hoogervorst, 1982) and estimated for other countries as 
follows. The total N fertilizer consumption per country is distributed over arable land and grassland 
as 2:l. This ratio based on the fertilizer levels advised in various countries (see Table II.4) 
(CEC, 1989). 







Taking the Netherlands as an example, we obtain the following. The N-fertilizer level was 240 kg 
Nha. The area of grassland was 45 per cent, the area of arable land 55 per cent of total agricultural 
land. This gives the formula: 
N-organic effect 
Orgha) 
130/165*41 = 32 
145/165*41 = 36 
41 






0.45 * Nlgrass + 0.55 * Nlarable = 240 
Nlgrass = 2 * Nlarable 
N-fertilizer 
(kgha) 
200-32 = 168 
300-36 = 264 
400-41 = 359 
500-43 = 457 
With: 
Nlgrass being the N-fertilizer level of grassland. 
Nlarable being the N-fertilizer level of arable land. 

























For the Netherlands, this implies that Nlgrass is 330 kgha and Nlarable land is 165 kgha. This 
corresponds quite well with the real N-fertilizer level on grassland of specialized dairy farms; their 
fertilizer level on grassland was 346 kgha in 1986187 (Baltussen, 1990). For Hungry it was taken 
into account that the N-fertilizer level of grassland is only 40 per cent of that of arbale land 
(M&zAros, 1991. Table TI.5 (next page) shows the N-fertilizer levels that have been calculated using 
FA0 statistics (FAO, 1989a; FAO, 1989b), Van Dijk and Hoogervorst (1982) and M&zAros (1991). 
Using formula (1.1) the N-excretion per dairy cow in other countries has been estimated (see 
Table II.5, column 2). Table II.5 also shows an index used to correct the ammonia emission 
coefficients for dairy cows in the Netherlands (column 3). In calculating the ammonia emissions (see 
also Section B) an N-excretion per cow of 138.56 kg Nlyear was used for the Netherlands since this 
is the official figure @e Winkel, 1988) used to calculate the Netherlands emission coefficients. 
Hence the index in column 3 of TabIe II.5 relates to the 138.56 kg N. For Switzerland, however, 
data from Menzi et al. (1991) on the N-excretion per dairy cow were used directly. 
B. Meadow periods and emission coefficients 
The second change that has been made was to take account of the differences in meadow 
periods in various countries. Using the information on the nitrogen balance for dairy cows in the 
Netherlands @e Winkel, 1988), in combination with data on the meadow period (Asman 1989; Menzi 
et al., 1991) country-specific emission coefficients were derived. For this purpose we used the 
following specification of the equations (see main text equations (2.1 to 2.4)) that relate the NH, 
emission coefficients to the N-excretion: 
N-stable = 0.1324 * 17114 * 54.44 * stall period1190 * N-excretion1100 (1.4) 
N-application = 0.25 * 17114 * (1 - 0.1324) * 54.44 * stall period1190 * N-excretion1100 (1.5) 
N-meadow = 0.12 * 17114 * 84.52 * meadow period1175 * N-excretiod100 (1.6) 
In which: 
N-stable NH, emission coefficient stabIe 
N-application NH, emission coefficient application 
N-meadow NH, emission coefficient meadow 
N-excretion N in excretion in country i (index) 
Stall period and meadow period are the periods in each country. N-excretiod100 refers to the index 
used to estimate N-excretion in other countries with the Netherlands being 100. 0.1324, 0.25 and 
0.12 are the coefficients for volatilization. 54.44 is the N-excretion in the stall in the Netherlands. 
84.52 is the N-excretion in the meadow in the Netherlands. The resulting emission coefficients, as 
well as the length of the meadow period in each country, are presented in Table n.5. In cases where 
no data on the stall period was available, the length was assumed to be 50 per cent 'of the year 
(compare Buijsman et al., 1987). 
C. Emission coefficients used 
For all countries the data in Table 11.5 were used in the calculations. For Finland, however, national 
data on the emission coefficients were used (Pipatti, 1991) since they reflect national agricultural 
practice better. Table 11.6 summarizes the emission coefficients for dairy cows as they were used in 
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Reference: Appendix 11. Except Finland based on Pipatti (1991). 

























































































Appendix III. Emission coefficients - other cattle 
Table LII. 1 presents the emission coefficients for other cattle. They were derived from the Netherlands 
coefficients taking into account, however age and weight distribution, within the category pigs. For 
Finland national data were used (Pipatti, 1991). 
















































































































































Appendix N. Emission coefficients - pigs 
Table IV.l presents the emission coefficients for pigs. They were derived from the Netherlands 
coefficients taking into account, however age and weight distribution, within the category of pigs. For 















































































































Appendix V. Emission coefficients - sheep (and goats) 


































Source: Van der Hoek for 




(days) I Total Emission Coefficients (Kg NH,/animal per year) 
: N-excretion, N-retention and volatization for sheep. Stall 
1 days) unless data (Asman, 1990) for other countries were 
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Table V.3 summarizes the average emission coefficients for sheep that have been used in the 
computations. They were based on Tables V. 1 and V.2 and the ratio between sheep and goats in the 






































































































































Quantities for 1987188. If no dam available, hen dak of previwa yuta were uacd. Dam of Wlijsman (1985) were u d  to determine l e  distribution 
between ammonium nitrate and ulcium rmmoniumnitrate. If no dam were rvailable, a 50150 qlit wal lsrumcd (ALB,TUR). 





























































































































































































Appendix VII. Emission coefficients dairy cows in relation to milk yield 
A seperate analysis was carried out to investigate the relation between milk yield, N-excretion and 
emission coefficients for ammonia. The results are displayed in Table W.1. The following method 
was employed. 
First of all, the fodder demand per cow in fodder units per cow per day (VEM) was related 
to the standard milk yield (kglcow per year, using equations 7.1 and 7.2). 
With: 
M: Standard Milk yield (standardized to a 4 per cent fat content) (kglyear) 
m: real milk yield (kglyear) 
V: fat content of the milk (96) 
VEM = 5013 + 440 * M + 0.7293 * ML (7.2) 
VEM: Fodder Units Dairy Cows (Kglday) 
Secondly, N intake via fodder in the meadow period and stall period were related to the Fodder 
demand in *M units per day, the length of the stall and meadow period and the N-intake per VEM 
unit for the Netherlands. 
N-intake stall = VEM * stall period * 0.00003082 
N-intake meadow = VEM * meadow period * 0.0000482862 
Both stall period and meadow period are in days. 
Thirdly, the N-retention in milk, meat and calf were calculated: 
N-retention stall = N-content milk * M * stall period1365 + C-stall 
With: 
N-content milk: 0.0054 (kg Nlkg milk) 
C-stall : 0.95 (kg N retained in calf) 
N-retention meadow = N - content milk * M * meadow period1365 + C-meadow 
With: 
N content milk: 0.0054 (kg N/kg milk) 
~rmeadow : 0.75 (kg N retained in meat) 
Fourthly, the N-content of the excretion was calcluated. For both the meadow and the stall period 
the following equation was used: 
Finally, using the calculated N-excretion in the meadow and stall period (see column 5 and 6 in 
Table VII. 1) the emission coefficients for ammonia can be calculated. 
N-stable = 0.1324 * 17/14 * N - excretion stall 
N-application = 0.25 * 17/14 * (1 - 0.1324) * N-excretion stall 
N - meadow = 0.12 * 17/14 * N-excretion meadow 
In which: 
N-stable NH, emission coefficient stable 
N application NH, emission coefficient application 
~ rmeadow NH, emission coefficient meadow 
N-excretion N in excretion in country i 
The results are given in Table VII.1. One should note that the following, simplifying assumptions 
were made: 
- N- content of the fodder (kg Ntkg) for all countries is equal to that of the Netherlands. 
- ratio summer/winter production of milk per day is equal to the Netherlands. 
- the fat content of the milk is based on EUROSTAT (1990) for the EC-12 countries; for all orher 
countries the fat content is 3.75 per cent. 
- the volatilization coefficients are equal to those of the Netherlands. 
- ratio VEMI real fodder demand is equal. 

